For AO 44-B2 ankle fractures of uncertain stability, the current diagnostic standard is to obtain a gravity stress radiograph, but some have advocated for the use of weight-bearing radiographs. The primary aim was to compare measures of medial clear space (MCS) on weight-bearing cone beam computed tomography (CBCT) scans versus gravity stress radiographs for determining the state of stability of ankle fractures classified as AO SER 44-B2 or Weber B. The secondary aim was to evaluate the details offered by CBCT scans with respect to other findings that may be relevant to patient care. Nine patients were enrolled in this cross-sectional study between April 2016 and February 2017 if they had an AO SER 44-B2 fracture of uncertain stability, had a gravity stress radiograph, and were able to undergo CT scan within seven days.
Introduction
Ankle fractures that occur from excessive supination and external rotation (SER) are among the most common seen in orthopedic departments, and demand precise treatment because of potential biomechanical and clinical implications on the articulating weight-bearing surfaces of the ankle joint (1, 2) . Undisplaced or minimally displaced lateral malleolus fractures without medial injury are likely to be stable, and can be treated non-operatively with functional bracing and early mobilization (3) (4) (5) (6) (7) . Lateral malleolar fractures with medial injury may be unstable, and are more frequently treated by operative reduction and internal
Brief Report
Weight bearing cone beam CT scan versus gravity stress radiography for analysis of supination external rotation injuries of the ankle fixation (8) (9) (10) . Of all the methods that have been used to diagnose instability and investigate deltoid ligament integrity (clinical examination, weight-bearing radiographs, stress radiography, magnetic resonance imaging (MRI), arthroscopy, ultrasound), none have been shown to be costeffective, rapid, reliable, and easy to use (8, 10, 11) .
For fractures of uncertain stability, the current standard for determining the integrity of the medial side of the ankle is to obtain a gravity stress radiograph (8, (12) (13) (14) (15) (16) (17) . Others have advocated for the use of weight-bearing radiographs, because gravity stress radiographs might overestimate the number of unstable ankle fractures (3) (4) (5) (6) (7) 18) . In these studies, weight-bearing radiographs have been shown to be predictive of stability, and patients with a normal mortise relationship can be successfully managed with immediate protected weight-bearing and functional treatment.
Generally, computed tomography (CT) scans are better than radiographs for visualization of bone detail, can generate 2D multiplanar images as well as 3D reconstructions, and can be very helpful for assessing fracture/dislocations in and around joints. A new portable dedicated extremity cone beam CT (CBCT) scanner (OnSight, Carestream Health, Rochester, NY, USA) has been approved by the Food and Drug Administration (FDA) for clinical use (19) (20) (21) . We have recently gained experience using the CBCT scanner to obtain weight-bearing CT scans on SER ankle fractures of questionable stability and report our initial experience in this report. The primary aim of our study was to compare measures of medial clear space (MCS) on weight-bearing CBCT scans to MCS on gravity stress radiographs for determining the state of stability of ankle fractures classified as AO SER 44-B2 or Weber B (22, 23) . The secondary aim was to evaluate the details offered by multiplanar CBCT scans with respect to other findings that may be relevant to the care of patients with these types of injury. We hypothesized that MCS would be reduced on weight-bearing CBCT scan versus gravity stress radiographs and that the CT scans would provide other useful information regarding the configuration of the fracture.
Methods

Sample selection
Between April 2016 and February 2017, we screened patients presenting to our emergency department and clinical offices with an ankle injury. Patients underwent a standard history, physical examination, and routine plain radiographs to assess for injury. If X-rays revealed an isolated fibula fracture and there was clinical suspicion of medial injury and <5 mm of MCS widening on mortise view, the fracture was considered of uncertain stability and the patient was referred for gravity stress radiographs as the current standard of care. Patients were eligible for this cross-sectional study if they had an AO SER 44-B2, or Weber B, fracture confirmed by gravity stress radiograph and were 18 years or older. Patients were ineligible for the study if they were more than 7 days from the time of the gravity stress X-ray, were pregnant at the time of screening, had an open fracture, clinical signs of deformity, had a history of previous ankle surgery or trauma, had significant osteoarthritis or pre-existing ligamentous instability or pain in the affected ankle, were a prisoner, were non-English speaking, unable to provide informed consent, or could not bear weight on the involved extremity. Patients provided informed consent prior to participation in this study, which was approved by our institutional review board, conformed to the Helsinki Declaration and was compliant with HIPAA regulations.
Twenty-five patients were screened, of which 22 met the study inclusion criteria and 15 patients enrolled (Figure 1) . Two patients were ineligible because they could not bear weight for the CBCT scan and one patient did not have an AO SER 44-B2 fracture. Six patients did not complete the CT scan due to technical issues, leaving a total of 9 patients that completed the study. The mean patient age was 50. 
Study procedure
Each patient underwent a gravity stress radiograph as standard of care, and within 7 days also had a weightbearing CBCT scan. To obtain the gravity stress radiograph, the patient's leg was suspended over a semi-rigid lateral bolster placed above the level of the known fibula fracture. The X-ray tube was positioned to obtain a mortise view by angling the source 10 to 15 degrees in external rotation from the true antero-posterior plane (60 kVp and 3 mAs). The width of the MCS was measured as defined by the distance between the lateral border of the medial malleolus and the medial border of the talus at the level of the talar dome (8) . The weight-bearing CBCT scan was obtained by having the patient stand on the custom foot plate of the scanner, resting the opposite leg with a bent knee on the top of the CT ring housing. The patient was instructed to bear full weight on the involved extremity, but was allowed to use the two arm handles of the device for balance and support during the CT scan (2 mm slices, 90 kVp and 5 mAs). The width of the MCS on CBCT image was measured as described above on the mid coronal CT slice for each patient. The readings were performed by a board certified orthopedic surgeon, fellowship trained in sports medicine, and with 25 years of experience in general orthopedics. Figure 2 shows MCS by imaging modality. The choice for or against operative management in each case was made by evaluating the gravity stress radiograph, patient specific factors, and surgeon preference without influence from the weight bearing CT scan. Five patients underwent operative open reduction and internal fixation while four were treated non-operatively with cast immobilization.
Statistical analysis
Descriptive statistics were calculated for age and sex.
Wilcoxon signed-rank tests were used to compare MCS (mm) between the routine plain radiographs, the standard gravity stress radiographs, and weight-bearing CBCT scans. Means ± standard deviation are reported and the level of statistical significance was P<0.05. SAS 9.4 (SAS Institute, Cary, NC, USA) was used for statistical analysis.
Results
M C S m e a s u r e d o n w e i g h t -b e a r i n g C B C T s c a n (1.41±0.41 mm) was less versus gravity stress radiographs (5.82±1.93 mm, P=0.004) and standard radiographs (3.28± 1.63 mm, P=0.02). There was no statistically significant difference in MCS measured on standard radiographs versus gravity stress radiographs (P=0.11). Figure 3 shows MCS by imaging modality. Figure 4 and Table 1 show that there were no ankles that could be considered perfectly reduced by weight-bearing, all having one or more elements of displacement on review of all three planes on CBCT scan. Typical findings included posterior malleolar fracture, residual posterior and lateral displacement of the distal fibular fragment, as well as fibular comminution and 
Discussion
We found that MCS measures on weight-bearing CBCT scans are less than those obtained on gravity stress X-rays (1.4 vs. 5.8 mm) in patients with AO 44-B2 ankle fractures. Similar to weight-bearing radiography, weight-bearing CBCT can predict stability of these ankle fractures by showing restoration of the MCS, and might be used to indicate patients for non-operative treatment. A SER mechanism of injury to the ankle frequently results in a lateral malleolus fracture as well as injury to the medial When medial injury is significant, the ankle mortise may be unstable and the talus may shift laterally, resulting in significant changes in joint contact biomechanics (1, 2, 24, 25) . Unless the talus is anatomically restored to its position under the distal tibia and in the ankle mortise, it may represent a significant risk of the development of ankle arthritis and its associated symptoms. Recognition of instability, therefore, is the most important consideration when deciding on non-operative versus operative treatment of these types of injury, but can sometimes be difficult and controversial. This is especially true of the 44-B2 fracture as classified by the AO/OTA fracture and dislocation classification system (22) . One of the currently accepted standard methods of determining medial injury and potential instability is the gravity stress radiograph as described by Michelson et al. (8, (11) (12) (13) (14) (15) (16) . A standard mortise view is obtained and a positive finding is a MCS measurement of >4 or >1 mm more than the superior clear space. Gravity stress radiographs are well tolerated by patients, but some controversy remains in regards to their reproducibility, the definition of instability (4 or 5 mm of MCS widening or 1 mm more MCS widening than superior clear space) and whether or not stress overestimates the degree of instability of the ankle (12, 15, 16, 26) .
Another currently accepted method is a weight-bearing radiograph, which has been shown to be easy, pain free, safe and reliable, with excellent clinical outcome when patients were selected for non-operative treatment by this method (4) (5) (6) (7) 18, 27) . Hoshino et al. reported a series of 36 patients who had a lateral malleolus fracture, clinical findings of medial injury, and positive findings on stress radiographs. With evaluation by weight-bearing radiographs, only three patients had MCS widening and the remainder were successfully treated non-operatively (4). Two case series have shown that when stability can be illustrated on weight-bearing radiographs, non-operative treatment can be expected to deliver good clinical outcomes (5, 6) . These studies provide evidence to support non-operative treatment as a cost containment strategy and to avoid the morbidity and complications known to be associated with operative management of these fractures. In our series, based on the gravity stress radiograph, 5 of 9 subjects underwent surgery. If the clinical management decision was based on the weight bearing measure of MCS on CT scan, none of our 9 subjects would have had surgery.
Although other features of this injury pattern such as fibular shortening, fibular rotation, and comminution can sometimes be seen on plain radiographs, the nature of 2D images and overlapping of anatomical structures can make interpretation of X-rays difficult. CT scans are known to provide better bone detail and allow image viewing in multiple 2D planes. The images can also be post-processed to render 3D images that can be manipulated on a picture archiving communications station (PACS). A new dedicated extremity CBCT scanner has been approved by the FDA for market, and provides the unique ability to image subjects while weight-bearing.
While the weight-bearing CBCT scans revealed restoration of the MCS, many of the other CT images in our patients showed posterior malleolar involvement, residual fibular shortening, fibular rotation, fracture comminution, and asymmetry of the distal tibiofibular joint. With regard to our secondary aim, there were no ankles that could be considered perfectly reduced by weightbearing, all having one or more of the above elements of displacement on review of all three planes on CBCT scan. The implications of these additional findings on fracture care and on patient outcomes is currently unknown, but many patients have continued symptoms even when X-rays Table 1 Details of additional findings as seen on axial, coronal, and sagittal weight-bearing cone beam computed tomography (CBCT) scans of the nine subjects enrolled in the study
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Residual fibular displacement at posterior/lateral cortex; comminution of anterior fibula with fragments in incisura show an adequate anatomic restoration of the ankle mortise. Further clinical research is necessary to determine if any of these CBCT findings are related to patient outcomes. Potential limitations of our study are the small sample size, and the fact that the sample represents only 9 of a potential 25 eligible subjects. Because our patients were allowed to rest the healthy leg on the CT ring housing, and were allowed to use the two arm handles of the device for balance and support during the CT scan, true full weight bearing may not have been achieved. Other studies have demonstrated approximately 5-10% rate of instability demonstrated on weight-bearing radiographs, so it is estimated that it would take 10 to 20 patients to find 1 unstable fracture on weight-bearing CBCT scan (4, 5) . We recognize that by the nature of our study requiring our patients to bear weight on a fractured ankle, we may have selected the most stable of the ankles, which simply confirmed stability with the weight-bearing CBCT and limits the generalizability of the study results.
The findings of this study suggest that similar to weight-bearing radiography, weight-bearing CBCT scan can predict stability of AO 44-B2, or Weber B, ankle fractures by showing restoration of the MCS. The detailed findings of CBCT scan, however, reveal persistent fracture displacement and non-anatomic restoration of the ankle syndesmosis with uncertain implications on the biomechanics of the ankle joint and on the clinical outcome of non-operative treatment for this injury.
